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Abstract 


The ability to design, build, and test miniaturized acoustic treatment panels on scale model 
fan rigs representative of the full scale engine provides not only a cost-saving but an opportunity 
to optimize the treatment by allowing tests of different designs. To be able to use scale model 
treatment as a full scale design tool, it is necessary that the designer be able to reliably translate 
the scale model design and performance to an equivalent full scale design. 

The primary objective of the study presented in this volume of the final report was to 
conduct laboratory tests to evaluate liner acoustic properties and validate advanced treatment 
impedance models. These laboratory tests include DC flow resistance measurements, normal 
incidence impedance measurements, DC flow and impedance measurements in the presence of 
grazing flow, and in-duct liner attenuation as well as modal measurements. Test panels were 
fabricated at three different scale factors (i.e., full-scale, half-scale, and one-fifth scale) to support 
laboratory acoustic testing. The panel configurations include single degree of freedom (SDOF) 
perforated sandwich panels, SDOF linear (wire mesh) liners, and double degree of freedom 
(DDOF) linear acoustic panels. 

Six sets of acoustic test samples with fifteen liner configurations, and three scale factors 
were fabricated and tested The DC flow resistance measurements and normal incidence 
impedance tests have provided useful data to support scale treatment impedance analytical model 
development and validation. The analyses demonstrate that the theoretical impedance models 
discussed can be upgraded and modified to fit both full-scale and sub-scale liners requirements. 
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1. Introduction 


Various laboratory tests were conducted to evaluate liner acoustic properties md vahdale 
advanced treatment rmpedance models. These laboratory tests included DC flow 
measurements normal incidence impedance measurements, DC flow and impedance 
measurements' in the presence of grazing flow, and in-duct liner attenuation including modal 
measurements. The first two tests were performed at Rohr Inc., and the remaining tests were 
conducted by GEAE. Based on each test requirement, specific test panels were fabricated a 
three different scale factors (i.e., full-scale, half-scale, and one-fifth Kiale I to support laboratory 
acoustic testing. The panel configurations include single degree of ®“)perfo 

sandwich panels, SDOF linear (wire mesh) liners, and double degree of freedom (D ) 
acoustic panels. The bulk absorber liner that was considered in the original plan was eliminated 

due to cost restrictions. 

The fabrication of test specimens for all test programs is briefly described in Section 2. 
Testing other than the testing in the grazing flow duct is the subject o t s vo ume. cous 1 
S testing for normal incidence impedance tube and DC flow resistance — mems 
explained in Section 3. Test data reduction and analyses are presented in Section 4 while 
conclusions and recommendations are discussed in Section 5 The grazing flow duct tests, 
including modal measurements and grazing flow DC flow resistance measurements and then- 
analysis is the subject of Final Report Volume 5. Acoustic test specimen matnce ^ ^“*2 
Assurance Inspection Plan are provided in Appendix A and Appendix B The results of the hig 
temperature DC flow resistance testing are included in Appendix C. Additiona iscussion 
fabrication for the treatment test panels is included in Appendix D. 

Validation of the advanced treatment impedance models without grazing flow present was 
accomplished through the use of DC flow and normal incidence acoustic ™P ed * nC * 
measurements. The study indicates that the impedance model described in Volume ^ 
report with additional refinements, can accurately predict acoustic impedance for both full-scale 
and ^ub-scale acoustic treatments. These refinements include using DC flow resistance to 
estimate effective percent open area (POA) and hole diameter values, using an empirical data base 
to determine the discharge coefficient, and introducing a non-linear mass reactance factor to 

correct for end effects. 

Validation of the advanced treatment impedance models with grazing flow present was not 
completed due to difficulties of measuring in-duct liner impedance and modal distributions at hig 
frequencies. In the future, more advanced techniques to measure acoustic impedance in the hig 
frequency range should be developed with and without grazing flow. 
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2. Fabrication of Test Specimens 
2.1 Test Matrix 


scale and thm hTfnTj^ ““ ‘ he , T*"* T> firll- 

addresses this goal includes seven etouds oflin^ 0 ^ n ° sca . u ^ factors The test matrix that 
each group shown in Table 2 1 Due to e t , 7 s P eclm ® ns whh target liner configurations for 

was elinnnated A deSled ltnx tha, Th ' ““"t ‘T bU ' k abS ° rber “ ner lis,ed ” °™P 7 


Table 2-1 Target Liner Configurations of Acoustic Test Specimens 



2.2 Fabrication Approach 


2.2.1 


Material Selection (Framed and Instrumented Panels) 


geae r sucb ,hat ,hey couw b * - the 

panel sample mounted in the duct test frame ^SDeciaf”* V “ •* draWmg of the treatment 
selection used on framed and i„«„ L “ J , S L ! c ° nslde ™°" was given to material 

construction due to advantages inwSdimTnt 1 ?” d * 00<1 “•“* ma P le was used for frame 
the wood frames was achieved through^ use“ Tood ^' * 
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Figure 2-1 Treatment Panel Sample Mounted in Duct Test Tray 

Instrumented panels required special consideration for Plexiglas-to-core bonding. Several 
materials were evaluated for their ability to adhere to the Plexiglas and to provide suitable visual 
qualities required for the placement of Kulite tubes. A room temperature cure product was also 
necessary. EnviroTex Lite polymer coating conforming to ASTM D 4236 was selected to best fit 
the above criteria. 

Instrumented panel partitions also required special consideration for fabrication and 
installation. It was decided to use .062" aluminum sheet which was sheared to size then brazed 
on a weld jig for dimensional control. Each partition was processed then primed prior to 
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installation. Core cutting dies (inner and outer) were fabricated and used to cut the honeycomb 

core allowing sufficient clearance for tray placement and bonding. A schematic of an 
instrumented panel is shown in Figure 2-2. 


Perforated Facesheet 



Figure 2-2 Schematic of Instrumented Treatment Test Panel Mounted in Tray 


2.2.2 Bonding Methods 

Rohr standard bonding practices were employed implementing minor variations in 
technique to accommodate various core cell sizes and perforate percent open area (POA) for 
fabrication of the acoustic honeycomb test panels. RMS 058 supported and unsupported 350° 
epoxy adhesives were utilized for core-to-skin bonding. Adhesive reticulation techniques varied 
based on POA and hole diameter of the perforated acoustic skin. Skin processing prior to 
bonding included sulfuric boric anodize (for perforated skins) and phosphoric acid anodize (for 
solid backskins) followed by application of RMS 058 Type 5 primer. 

Process procedures were controlled utilizing a Fabrication Planning Request Form which 
was specifically developed for this program. This form was implemented due to the quantity of 
panels to be manufactured (42) and the similarity of materials and processing methods employed 
for fabrication. The two page form consisted of a sketch of the panel configuration, list of 
materials required, and a check-off list of processes to be used for fabrication of each individual 

ZhL,h S - ‘£ S rnT“, pr0ved , t0 be successfU1 in "^g redundant instructions into a 
condensed user friendly planning document. 
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2.3 Quality Assurance 

<*„ ss, rrss sr" 

were controlled and documented on the "Acoustic Panel Request Form 

Acoustic testing was accomplished at each step of the bond process to ensure acoustic 
nnfnrmitv of the final bond panel. To ensure dimensional conformity of each flow duct tray, 
each was ^'custom fit" to accommodate the various acoustic panel thicknesses then ass ^bled^ 
and finaUv machined to the required dimensions. Final buy-off of each panel was based on a 
review of the final package including planning, material traceability, compliance to process, 

acoustic test results, and dimensional conformity. 
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3. Acoustic Tests 
3.1 Test Facilities 


liner devip,^ analyses, advanced 

• 10 cm diameter automated laboratory Raylometer at Riverside 

10 cm diameter low-frequency sound impedance measuring system ( 2k 1 6k w 7 y 
I “ d 7 e,er 8 ***** sound impedance measuring sys,“ ( 8ki k ^ 

m lameter g -frequency sound impedance measuring system (3k- 13k Hz) 

f y :::f Cr ° Ph0ne ,echnique and ra " dom " oise ■«-> « —i - all Rohr impedance measuring 


3.2 DC Flow Resistance Measurement 
3.2.1 Measuring System and Calibration 


was measured using Rohr a !, ea ? h ^ of ,he assembly process 

has a 10 cm diameter.es. Raylometer This apparams, which 

measured at airflow velocities of 30 60 105 *Hn , ° r a l me asurements, flow resistance was 

curve fit of the resistance as a uction of 111 a ^ a &st order squares 
corrected to reference ambient conditions of 70°F atrf29 92hdI^o ' The P0 ' m ^ ^ “* 
used ,0 demonstrate compliance with the manufacturing tolerances .fa “* 
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Figure 3-1 DC flow resistance measuring system 


3.2.2 DC Flow Resistance Testing 

The number of test locations for each liner is defined by the size of the liner For SDOF 
perforate liners, the DC flow resistance of a perforate bonded to core was measured. For SDOF 
linear liners, the DC flow resistance of wire mesh bonded to core or wire mesh bonded to the 
perforate plate and core was measured. For DDOF liners, the DC flow resistance of the ace 
sheet and septum were measured separately. Table 3-1 lists the measured DC flow resistance at a 
velocity of 105 cm/sec and the respective non-linear factor (NLF), i.e. ? R(200)/R(20). The 
measured DC flow resistance of SDOF perforate liners is used to calculate a percentage open area 
(POA) of the perforate plate (see Section 4.2). For DDOF liners, the measurements meet the 

specifications listed in Table 2-1. 
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Table 3-1 Measured DC Flow Resistance of Acoustic Test Specmens 


Group ID 

Liner Type 

Liner R(105) 

NLF 

Scale 



(Rayls) 


Factor 

1.1-1 

SDOFPerf. 

12.25 

7.14 

1 

1.1-2 

SDOF Perf 

11.16 

6.80 

1 

1.2-1 

SDOFPerf 

9.92 

7.34 

1/2 

1.2-3 

SDOF Perf 

9.44 

7.30 

1/2 

1.3-1 

SDOF Perf 

12.53 

5.68 

1/5 

1.3-2 

SDOF Perf 

8.29 

5.23 

1/5 

2-1 

SDOF Perf. 

5.96 

7.74 

1 

2-3 

SDOF Perf 

7.52 

7.68 

1/2 

2-5 

SDOFPerf 

6.96 

6.17 

1/5 

3-1 

SDOFPerf. 

13.73 

6.45 

1 

3-3 

SDOF Perf 

15.68 

7.82 

1/2 

3-5 

SDOF Perf 

11.65 

6.34 

1/5 

4-1 

SDOF Linear 

84.53 

1.40 

1 

4-2 

SDOF Linear 

88.20 

1.32 

1 

4-4 

SDOF Linear 

83.43 

1.15 

1/5 

5-1 

SDOF Linear 

56.82 

1.48 

1 

5-4 

SDOF Linear 

48.68 

1.21 

1/5 

6-1 

DDOF - Face 

46.35 

1.51 

i 


- Septum 

89.32 

1.61 

i 


3.3 Normal Incidence Acoustic Impedance Measurement 
3.3.1 Measuring Systems and Calibration 


Pressure transducer sensitivities, for both the acoustic impedance measuring system and 
9 19rSr-‘ 0n 0SS me “ u ™ 8 system - “» calibrated in accordance to Rohr Report RHR 
phi ^alto on for r? ^ " T Test Labt ™°"“" The ampKe^nd 

pnase calibration for the two-microphone impedance system transducers are nerfnr^^ • 
accordance to the method described in the ASTM El 050-90 impedance measurement stLdard. 

3.3.2 Non-destructive Acoustic Impedance Test 


A two-microphone 
impedance measurements, 
shown in Figure 3-2. 


impedance measuring system was 
A block diagram of the Rohr acoustic 


used to conduct all acoustic 
impedance measuring system is 
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1 . 3 cm impedance tube. 

2. Kulite pressure transducer. 

3. Microphone pre-amplifiers. 

4. Dual channel signal analyzer. 

5. Computer. 

6. Graphics plotter. 

7. Printer 

8. Bandpass filter. 

9. Power amplifier. 

10. High power compression driver. 


Figure 3-2 Schematic of the Rohr acoustic impedance system 


A test sample was installed at one end of the impedance tube as a termination (see Figures 
3-3 and 3-4). Using a random noise excitation, the normal specific acoustic impedance of the test 
sample was determined from two pressure measurements along the wall of the impedance tube. 
The results were used to validate Rohr's analytical impedance prediction code. 
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Figure 3-3 Test setup for single degree of freedom liner panel measurement 



Figure 3-4 Test setup for double degree of freedom liner panel measurement 
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The frequency for this test ranges from 800 to 6000 Hz. Overall sound pressure levels 
(OASPL) of up to 160 dB can be achieved at the face of the test sample. The characteristics o 
^sure s pec.™, are documented for use in the correspond ng — m,ped»ce 
calculations. For each test sample, three test levels that range from 30 dB to W dB werem ^ 
The measured and calculated acoustic impedance data is provided in 120 Ha bandwidth narrow 
band form. The results of non-destructive acoustic impedance tests are presented and discussed 

in Section 4. 

3.3.3 Destructive (In-tube) Normal Incidence Acoustic Impedance Test 

Figure 3-5 shows an area mismatch due to the honeycomb cell size for the non-destructive 
acoustic impedance test. This allows some acoustic energy to dissipate into the struc ;ure 
double layer liners with unaligned core In an attempt to avoid tbs ener^ leakage a destmct v 
(in-tube, i .e„ free of energy loss) acoustic impedance test was used. Figures 3-6 and 13-7 sho ^ 
setup of the destructive acoustic impedance test for single degree of freedom (S ) 
double decree of freedom (DDOF) liners. The in-tube samples were cut from the panel. For 
DDOF liners, a septum was separated from a face sheet, with a spacer height equal to the upper 
° re depth The bottom core depth can be adjusted by the micrometer's moving piston see 
Fioure 3-7). The rest of test setup is the same as the non-destructive acoustic impedance test 
The test results of the destructive acoustic impedance tests (normal incidence) are presen 
discussed in Section 4. 



SINGLE LAYER 


DOUBLE LAYER 


Figure 3-5 Schematic of area mismatch due to honeycomb structure 
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Figure 3-6 



DRIVER 


MICROPHONES 


TEST SAMPLE 


riirnr 

1 1 



MICRONMETER 


Test setup for single degree of freedom liner in-tube 


measurement 
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DRIVER 


MICROPHONES 


FACE SHEET 



Figure 3-7 Test setup for double degree of freedom liner in-tube measurement 
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4. Data Analysis and Evaluation 


4.1 Basic Impedance Mathematical Model Description 

The impedance model used for this effort is based on the theories described in Volume 2 
and the empirical data base developed at Rohr and the aerospace industry. We are now switching 
to the e time convention customarily used by treatment designers. A general impedance model 
tor both the perforate and linear liners can be expressed as follows: 

A = R + iX = R 0 + R 0f + s r v p + R„ (V m ) + j[x m + S m V p + Xe,, ( V„ ) - cot(kh)] (4-1) 

where 

Z f /pc is a complex number representing normalized impedance at a frequency f. 

R is the normalized acoustic resistance 
i is V-1 (imaginary number) 

X is the normalized acoustic reactance 

p is the air density and c is the sound speed 

pc is defined as characteristic impedance (unit: cgs- Rayl) 

R 0 is the non-frequency dependent linear acoustic resistance 
R 0 f is the frequency dependent linear acoustic resistance 
S r is the non-linear resistance slope 

V p is the root-mean-square (rms) parti cle velocit y over the entire frequency range in cm/sec. 

From Volume 2. Equation 2-16, V p » where ( V pf f is the mean square velocity at 

frequency f. 

is the Mach Number 

^cm ( Vcm ) * s the grazing flow induced acoustic resistance 

X m is the mass reactance 

S m is the non-linear mass reactance slope 

^em ( v cn,) « the mass reactance end correction (including flow effect) 
k is the wave number per inch or cm 
h is the cavity backing depth in inches or cm 
-cot(kh) is the backing cavity reactance 


r ri m° r PC ?f at , e Pl T J hnerS (includmg both P^ched and laser drilled sheets), Rohr uses 
Crandall s model, described in Volume 2, Section 4.1, to calculate the linear and frequency 

dependent acoustic impedance Z () /pc parameters. These include Rq (linear resistance), 
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(frequency dependent 
expressed as 


resistance), and X m (mass reactance). The complex equation can be 


= (R 0 +Ro f ) + iX m = iet> 
pc 


t + sd 1 
co F(kgr) 


(4-2) 


where 


t is the facesheet thickness 
d is the hole diameter 

a is thefacesheet percent open area (POA or porosity) 

c is the speed of sound 

© is the circular frequency 

s is the end correction coefficient 

k s ’ is the Stokes wave number 

r is the hole radius 

Equatton (4-2) is shghtly different from Equation (4-f, 
is that the end correction shown in * (Vcm ) 3 ) y The FOK function mentioned 

m^ot 1 a «L,t aTempirica, a^ustment may be required ,0 obtain a correct constant ,0 
estimate the value of s. 

An additional difference is the elimination of the discharge coefficient parameter in the 
Crand “Tbe^bne, resistance f pe, £ - £ 

Melling’s from Rohr's empirical results instead of 

L 2 Recommended by Md^Volume 2, Equation (4-20)) or 1.14 suggested by Mariano and by 
Armstrong, as reported in Zorumski and Tester 


The modified Equation for the nonlinear resistance slope is 


S r = 1.336541 


f. 


l-o 


(4-3) 


^v 2C D 


which can be compared to 


S = 


' p 1 - 0 ^ 

V 2Ci o 2 


(4-4) 


Zorumski, William E. and Tester, Brian I, “Prediction of dm Acoustic Impedance of Due, Liners", NASA 
TM X-73951, September, 1976, pp. 14-15. 
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for the DC flow resistance slope. The discharge coefficient is 


Cj) — 0.80695 


. 0.1 


- 0.50721 -• 


(4-5) 


based on Rohr empirical data. The term of in 01 . , 

plate thickness to hole diameter is less than one (t/d < 1) Ift/lm diffe ° f the 

required to determine the discharge coefficient ^ ^ d,fFerent empirical data are 

ReferJe h l7p"BT6)^a| r sTS ^ Pe ' ST ta ZorUmsld Tester, 

this parameter can be expressed as USm ® 3 0 emp ' nca * data base. The equation for 


S m - 0.000631— (cm/sec) 1 , A ^ 

cr ( 4 “ 6 ) 

(or particle velodty). AgaiT^on^s'Sr 6 . he' SL^dT® S ° U " d PreSSUre 

calculations. The DC flow resistance meas ROhf ^ ^ linear face sheet im Pedance 

and mass reactance. When the wire mesh Jtonded^ ^ determme the acoustic resistance 
due to the bonding will be included to determine th * perforated plate, the blockage factor 

the end correction^ b^^ vaIue In add *<>n, only half 

end correction is elinhnated on the perforate surface ‘ he 

overall ^uencyTa^ Szw?"? “ “ *» ™ P-*h velocity for the 
individual particle velocity, V* and impedance, relatl0nshl P betwee " «>* 


V 


= Pf 


(4-7) 


frequency, f Then the ovTal"^ S T7 ^ ^ preSSure for 

V - " OWV 8 . As mentioned in Voto^lSn^ Ti / y “* "" of 

on the values of Zrfpc, V. f , and V p is required’to solve for Equation (4 l')' Pr ° CedUre ^ f ° CUSeS 


16 


4.2 Effective POA and Hole Diameter Estimate 

4.2.1 Methods for Estimating Effective POA and Hole Diameter 

For DC flow resistance, Equation (4-1) can be modified to a simple form as. 


R(V) = R(0) + SV = ^ + SV 

ad" 


(4-8) 


where R(V) is the DC flow resistance at flow speed V, the intercept, R(0), is the linear DC flow 
resistance defined in Volume 2 Equation (2-13), and S is the non-linear flow resistance slope 
defined by Equations (4-4) and (4-5). The relationship between open area ratio, a, and average 
hole diameter, d, can be determined by the perforate hole pattern. It can be expressed as 


a = 



(4-9) 


where Sp is the hole spacing (center to center) and can be defined by using an average 
measurement value. 

Based on Equations (4-4), (4-5), (4-8), and (4-9), one can determine the effective POA 
and effective hole diameter of a perforated plate using the DC flow resistance, plate thickness, and 
average hole spacing measurement results. An iterative procedure is used to determine the 
effective POA, a, and effective hole diameter d. Inputs to the procedure are measured values for 
t and p, the measured DC flow coefficients, and the calculated value of S p . Figure 4-1 shows a 
half-scale (1/2) sample (Group ID 1-2) of a laser drilled microporous perforated plate. The hole 
patterns on the left hand side represent the laser drilled entry side, and the patterns on the right 
hand side represent the laser drilled exit side. 



Figure 4-1 Microporous perforated plate 
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ririll . T r° 0b f ervati , ons we f made frora ‘to figure. Note that a tapered hole exist (holes on the 

perfectly' 'round TheseT T th ° Se °" “ d °* side) Second| y. the hole shape is not 
perfectly round. These two phenomena exist in all micro-perforated plate liners and results in 

hole size and POA measurement difficulties. However, using the DC flow resistance data that 

averages entry side and exit side data as well as the plate thickness and average hole spacing 

( nter to center) measurements, one can easily calculate effective POA and effective hole 

diameter for an unbonded perforated skin. The same approach is not suitable for bonded acoustic 

perft^te^late surfacT A C ™ aSUrements can onl y be Performed from the unbonded 
perforated plate surface. A modified measurement technique derived from Rohr’s empirical data 

base was used to determine the effective POA and hole diameter on bonded panels 

, r ^~\ sbows the thickness, hole spacing, hole pattern and DC flow resistance 

data (mte^ept, slope. R(105) and NLF) of all perforate liner specimens used for normal inddence 
impedance measurements. The Sample ID specifies scale factor. Group ID, laser drilled direction 

mlns°^ for i S P ecimen ‘ S122F 0/2 skin)’, the ‘S’ means sub-scale (F 

Table 9 S , 7? ^ V *** 12 ’ ° f 122 ***** a sam P ,e cut Group ED 1-2 (see 

inriHe ^ 2 of 122 IS m lnternal identification number used to identify normal 

incidence impedance tube samples and matches the test matrix (Appendix A). 
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Table 4-1 Perforate Plate Geometncal and DC Flow Resistance Measurements 


Sample ID 

Thickness Soaring Pattern Intercept Slope R(105)~ NLF 

Perforated Liner 

inch inch ray! rayl/(cm/sec) rayl R(200)/R(20) 

F1 13 (1/1 bond) 

0.025 0.114 stagger-60 0 106 

S122F(1/2 entry) 
S122F(1/2 exit) 
S122F(1/2 avg) 
S122 (1/2 bond) 

0.012 0.055 Square-90 o 114 °'° 6a ' ?g 

0.012 0.055 Square-90 o ' 0 ' 44 °'° 93 ' 840 

0.012 0.055 square-90 o 035 °° 81 ' ' 

0.012 0.055 Sauare-90 0 120 

S132F(1/5 entry) 
S132F(1/5 )exit 
S132F(1/5 avg) 
S132 (1/5 bond) 
F22 (1/1 bond) 

0.005 0.022 square-90 0 2 07 0 064 

0.005 0.022 Square-90 0 1 57 0070 . 

0.005 0.022 Square-90 o 182 0 067 . 440 

0.005 0 022 saarejf 299 °° 91 12 53 - 

“5® 0-127 sLe-90° "JK. ^ f 

S24F (1/2 entry) 
S24F (1/2 exit) 
S24F (1/2 avg) 
S24 (1/2 bond) 

0.016 0.063 Square-90 0 073 0038 ™ 

0.016 0.063 Square-90 0 -°' 04 °° 52 ' 

0.016 0.063 Square-90 o 0 35 0 045 _ ,? 

0016 0.063 Square-90 0 113 

S26F (1/5 entry) 
S26F (1/5 exit) 
S26F (1/5 avg) 
S26 (1/5 bond) 

0.006 0.025 Square-90 0 1 06 °° 28 f* 

0.006 0.025 Square-90 0 078 0 032 ' 

0.006 0025 Sq uare.90 o »' 92 0 030 ' “ 

0 006 0.025 a.,^ 0 747 0052 6 93 

F32 (1/1 bond) 

0.025 0.114 stagger-60^ ^ ^ ^ 

S34F (1/2 entry) 
S34F (1/2 exit) 
S34F (1/2 avg) 
S34 (1/2 bond) 

0.012 0.061 Square-90 o 165 ' ' 8 

0.012 0.061 SqU a re - 9 0 o « °' 177 ' 

0.012 0.061 Square-90 o 039 0147 ' „ 

0.012 0.061 Sauare-90 0 766 — — 

S36F (1/5 entry) 
S36F (1/5 exit) 
S36F (1/5 avg) 
S36 (1/5 bond) 

0605 0 024 s^oo TB 0b49 •« 

0.005 0.024 square-90 0 747 0 053 ' " 

0.005 0.024 Square-90 o 163 0051 ' ' 

0.005 0.024 3.44 0.076 11.65 3.81 


+ K1UO is medbuicu iiuvv 

■ NLP. none linear factor, is the ratio of flow resistance data at flow velocity of 200 cm/sec to that at flow 
elocity of 20 cm/sec. 

Inside the parenthesis, the scaling factor is specified on the left side, while the laser drilled 
specimens (FI 13, F22, and F32), because the POA and hole dtameter of punched perforated 
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— mem e ). eaSily “ d USing a S ' mp,e * ««*> (various sized pins used for hole size 

through", he per^me gates'" ^ *"** " b °‘ h direcfc " s 

effective POA and effective hole diameter of given^orae ri^Tsince^ bTT - he ValUeS ° f 
non-lmear slope are functions of POA an H u i j- P "° ate sheet Slnce both the intercept and 

solve Equation (4-S) TonUs "sot Rohr L TT 1! " dlfBcult “ use "»«*» analysis to 
res, stance slope (Equation T ^ ™ pMed mahod tha ‘ “es the flow 

to as the “Slope Method™ ,C effeC “ Ve P0A and hole diameter (referred 

side. The 'Stopf Mahtd-'c^not^ usld ^ aC ? r ? ,ely measured from the "on-core bonded 
diameter Therefore, Roto de“ Ced a mahld f “f “ effec,ive P0A “> affective hole 
bonded perforated samples TOs mltho^s Rrfnsf '° “ ' he ‘ R{105 > Me,hod ' to handle 
105cm/sec, to perform effective POA and effective hole ) ’ r meaaured flow resistance data at 

spacing, and thickness are used astopu ,oSa,ioft4 S T, T^'T R(105 > data > hole 
effective hole diameter. ’ (4 ' 8) t0 solve for effective POA and 

4.2.2 Perforated Liner Effective POA and Hole Diameter 

Table 4-2 summarizes the results of effective pha ^ u i j- 
and bonded perforated liner specimens The innut ( . d ho e diameter on both unbonded 

for the unbonded perforate ST2 avemZ, “ data > “ Table 4-1. However, 

4-2 (with a slightly modified Sample ID). For exampl’e 7n TableV I ^ b c T Sh0Wn ” Table 

1/2-scale unbonded perforate snecimen fnr w u P ’ able 4-1, sample S122F(l/2 avg ) is a 

yj? ■** ** '**• ■*«- - 

column, the POA values of unbonded l i • . J , bonded specimens. In the ‘Target’ 

values. This difference is due to the adhe^ S ki nS !| S hlgher than those of tbe bonded liner POA 
blocking some of the holes. In order to meet ^1^° Pe ?° rated hoIes ’ reducin g and/or 
blockage factor due to bonding must be carefully estimlled " peClficat,0ns u of bonded Panel, the 
diameter selection of unbonded skins. Y d l ° SUpport the iruti al POA and hole 

effetoivrPO^and^^ruive^h^e^lameter 1 ' The m^th^d " “ U " d fOT a " 

(SLP) in the output column matches that in the inpu^coto^The aPPr0aCh ^ S '° pe 
values between the input column and output coluZ is igncTd Rohr “ T !roept (INT) 

the method is accurate if the perforated plate has a W NLF^nonT 611611 ? ^\ shown that 
intercept values. For this reason, ratios oft/d smaller th™ « ^ - (n ° n ‘ linear factor ) ^ d small 
a reasonably large NLP value for both full-scale and sub-s Je prforS' ? ^rs beCal,Se ^ ^ 


20 


Table 4-2 Effective Hole Diameter and POA Calculation on Full-scale and Sub-scale Bonded Perforate Liners 
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SLP: DC flow resistance data slpoe 


For the bonded perforate samples, the ‘R(105) Method’ is i,c«h nr n 
is measured from the plate side of the assembly Tn nd f ? ?' ° C fl ° W resistance data 
effective hole diameter an iterative * f ? t0 CaIculate the effective p OA and 

column ,o match that 'of the inp^colZ “ ' he Value of R < 105 ) ” *e output 

matched, effective POA and hol/diameter Dredictin ’ ^ ““^“P 1 “ d slope ma > not be well 
Rohr, the value of R(105) “* ^ ^ 0 " Rohr ’ S At 

extensive data base has been generated^ X* a lll “ ? oash ? Iu,er P rop «y As a result, an 
mode, using the *(105) Methtfd' totl"Z^c ££? deVe ‘° P 2 

4.3 Normal Incidence Impedance Measurement Data 
4.3.1 Data Analysis and Evaluation Approach 

evaluatio^Th^first LTc^^ incidence rmpedance 

liners, and the third set DDOF linear liners Tn t „ht^ P ? ’ h ® S6C0nd set SD0F ^ar 

Rohr’s 10 cm (174 - 1524 Hz), 3cm (824 - 6224 Hz)"L ^0^^ 
measuring systems (see Section 3 3T are „«~i T V bZ " 13472 ^ ^pedance 

Input parameters consisting of sound pressure level ™ pedance P rediction results, 

during impedance measurements ’ temperature and static pressure are provided 

obtained from geometrical andoVfl^ &nd Spacing ’ R ( 105 ) and NLF are 

effective hole diameter of the unbonded Und ha^ ™ aSure ™ nts . The effective POA and 

‘Slope Method’ and ‘R(105) Method’ respectfully. Rohcf SHOP ‘“T derived from the 

(described by Equations (4-1) through (4-7)) is used fn ' a ana ytlca Prediction model 
perforate and wire mesh type linear liners d f impedance pred ictions of the SDOF 

prediction model is ule^L^OF ■ ,in ® r impedance analytical 

DDOF acoustic liner sketch iUustrTmft^c^SlT 6 ^ 4 ' 2 is a Slmple 

assumed to be one-dimensional in thf cavity heieht dh^T S ° lutl0n in the cavit y >s 

lower Cavity 1 and at the septum in upper Cavity 2 ^ at th ® backplate in 
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Grazing Flow 


Faceplate 



The general analytical equation that is derived from Zorumski and Tester, Reference 1 
(Equation 45, p. 34) can be expressed as follows: 


— = R + iX = 
pc 



1 

— - i cot(kh 2 ) I sin(kh 2 ) 2 

pc ) 


(4-9) 


where Z*/pc is the DDOF liner total impedance. Subscript ‘1’ represents the parameters between 
the septum-to-back plate area and subscript ‘2’ represents parameters from faceplate-to- septum 
area. For example, the faceplate Z 2 f/pc represents the liner impedance of a face sheet plate with 
core depth h 2 and Zi/pc represents the liner impedance of the septum with core depth hi. 
Replacing Equation (4-1) with Figure 4-2 notations, yields. 

= R 2 + iX 2 = R 2 o + R 20 f + S 2 r^2p + ®-cm(^cm ) . 

pc (4-lUj 

+ i[x 2m + S 2m V 2p + X 2em (V cm ) - cot(kh 2 )] 


and 


^1L = r 1 + iXi = R 10 + R 10f + S lr V lp + i[x lm + S lm V lp + X lem (0) - cotfkhj)] (4-1 1) 

pc 

It is assumed that Mach number effects do not apply to the septum. Equation 4-12 eliminates the 
Mach number related resistance and reactance terms. The relationship between Vi p f an V 2p f can 
be expressed as: 


V 2pf = V lpf 


.z, 


cos(kh 2 ) + i— ^-sin(kh 2 ) 


pc 


(4-12) 
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(V v ^ a ^«jVip and V 2p can be calculated from the definition of V lp = (£ 

ofthe^oF stm c^Zsv^y. m ° re 

4.3.2 SDOF Perforate Plate Liner Impedance Data Analysis 

m^uring systems' SltTs'tof LTThe tey 3^2 

TotTc flow "et e a „ m c« U d e , ““ P ‘T "“T* “ d h ° le ^ -«» holediamemrami 
valut a, d ,ffel~ n cy “ g es ■*"" ■"*> a " d ,he avCT ^ “■ -canoe 
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Table 4-3 Acoustic Parameters of Perforated Liner Samples 
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**0.5 inch core depth used to support GE flow duct impedance measurements 



Figured .C^™ be ;7^ ««* measurements are shown ,„ 

im^rr;^^^t7 0 r (174 to 2m ^ 

Show the data obtained Lm 3 l ^ 

symbols represent the measured data and ihd £ ^ ~ 


Figure 4-3 
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Normalized Impedance Normalized Impedance 


Figure 4-4 

ScoUnq Acoustic Liner Impedance Data 
□ cavity Fnro m.5 in Core) 



Figure 4-5 
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Normalized Impedan 


Figure 4-6 



fi 


Figure 4-7 


SeaUnq Acoustic Liner 

1/5 Scale Perforate Liner 








Normalized Impedance Normalized Impedanc 


Figure 4-8 


Scallnq Acoustic Liner Impedance Data 
1/1 5 cale Perforate Liner (1.0 In Core) 



Figure 4-9 

Scallnq Acoustic Liner Impedance Data 

1/2 Scale Perf orate Face (U.5 In Core) 
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Normalized Impedance Normalized Impedanc 


Figure 4-10 


ScaLLnq RcoustLc LLner Impedance Data 

1/2 Scale Perf orate L Iner (0.5 In Core) 



Figure 4-11 

Seating RcoustLc LLner Impedance Data 

1/5 Scale Perforate Face (0.2 In Core) 
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Symbols* Measured Data 

Lcnes: Predicted data 

1-.006 In, d-.0115 In, POfl-16.62 

i 


i t i i i i 1 1 

0 2000 4000 6000 8000 10000 12000 14000 

Frequency Hz 


30 



Normalized Impedance Normalized Impedance 


Figure 4-12 

Scaltnq Acoustic Liner Impedance Data 

1/5 Scale Perforate Liner (0.2 In Core) 



Frequency Hz 


Figure 4-13 


Scaltnq Acoustic Liner 

1/1 Scale Perforate Liner 


Impedance Data 

( i . 0 In Core ) 



Frequency Hz 
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Normalized Impedance Normalized Impedance 


Figure 4-14 


Scaling Acoustic Liner Impedance Data 

1/2 Scale Perforate Face (0.5 In core) 



0 2000 4000 6000 8000 10000 12000 14000 


F requency Hz 


Figure 4-15 

Scallnq Acoustic Liner Impedance Data 

1/2 Scale Perforate Liner (0.5 In core) 



Frequency Hz 
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Normalized Impedance Normalized Impedance 


Figure 4-16 

Scaling Rcoustlc Liner Impedance Data 

1/5 Scale Perforate Pace (0.2 In Core) 



Figure 4-17 

Scaling Rcoustlc Liner Impedance Data 

1/5 Scale Perforate Liner (0.2 In Core) 



0 2000 4000 6000 8000 10000 12000 14000 

Frequency Hz 
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Several key findings that are important for treatment scaling are discussed below. 

1. For full-scale specimens, the two sets of data have sound pressure levels that are very 
close during the measurements (see Table 4-3). As a result, both resistance and reactance 
curves overlap m the transition area (824 Hz to 1524 Hz) between two data sets. For sub- 
scale specimens, the sound pressure levels between the two sets of data are quite different. 
This creates slightly different resistance levels between the two data, but no significant 
deviation in the reactance data. 

Excellent agreement exists between impedance predictions and data measurements for all 
fteen full- and sub-scale liner configurations. The measured data were generated from 
t ee different size impedance measuring systems that cover frequency ranges from 174 to 
13472 Hz. However, some data scattering is observed at frequencies above 12000 Hz for 
all of the 0.5 inch core depth liner specimens (Samples S122F, S122, S132F, 132, S24F 
S24^ S34F, and S34). This is caused by the singularity point created by the cot(kh) term 
at frequencies in the 13500 to 13700 Hz range. When a frequency approaches the 
sn^ulanty point, the value of cot(kh) approaches infinity and creates measurement 
difficulties. However, the scattering above 12000 Hz seems to yield a similar pattern in all 
0.5 inch core specimens. For example, the reactance value decreases for frequencies that 
exceed 12000 Hz and a peak resistance value occurs at 12750 Hz. It is possible to predict 
similar results (or at least trends) by adding a small imaginary number to the wave number 
k (see Zorumski and Tester, Reference 1, Equation 44, p. 33) to solve Equation (4-1). 
Since this exceeded the study scope, further exploration was not made. 

The resistance level obtained from the 10 cm impedance measuring system is quite high at 
the low frequency end (samples FI 13, F22, and F32). Similar phenomena occur on 0 2 
inch core depth liners (S26F, S26, S36F, and S36) using the 3 cm measuring system, but 
t e deviation scale is much smaller. The phenomena that show high resistance levels at the 
low frequency end occur as the reactance approaches large negative values When the 
core depth is increased from 0.2 inch to 0.5 inch for the 1/5-scale samples (S132F and 
SI 32), they possess less negative reactance levels than the other 1/5-scale samples at the 
low frequency end. As a result, the abnormally high resistance levels on these two test 
samples are minimized. No definite explanation exists as the cause of this phenomena but 
the apparatus limitations probably play an important role. 

4. The mass reactance constant is referred to as the intercept of the mass reactance per wave 
number. Table 4-3 shows that the mass reactance constant in the lower frequency range is 
less than that at higher frequencies. For example, the mass reactance constant for 10 cm 
tube data (174 - 1424 Hz) is less than that for 3 cm tube data (824 - 6224 Hz) and the 3 
cm tube data is less than the 1.5 cm tube data (2627 - 13472 Hz). Since predictions and 
data measurements correlate well in all frequency ranges, the size of the impedance 
measuring system is not responsible for the change in the mass reactance constant It is 
noted that the mass reactance constant definition is derived from a traditional Helmholtz 
principle. As discussed in Volume 2, Section 4.1.3, both the Helmholtz and Poiseuille 
principles are approximations of Crandall’s model for calculating perforate plate frequency 
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dependent acoustic impedance. In these approximate approaA^ the ^ 

3S2S3r.’~» •— “ 

used for scale treatment studies. 

Sr^-S^Ud-. and the 

and the DC flow resistance slope. As discussed in Votae 2 Seohon ^ fac(or 

determine the discharge coefficient accurately using ousting ££ betwee/the acoustic 
described in Equation (4-5) is used for this data The yalue of 

resistance and DC flow resistance from Equation 4- is *. modified other 

, 33654. (based on ^ ““ d *££ mass reactance slope described in 

kTu“6“ reactance^verprediction prob.em, especially for .ugh sound 

pressure spectral levels. 

n cino an effective POA and effective hole diameter as input, as well as the exact 

4.3.3 SDOF and DDOF Linear Liner Impedance Data Analysis 

Four SDOF and two DDOF linear liner configurations were evaluated using normal 
Four SDUh ana two ^ 4 _ 5 ^ ^ the key input an d output 

different frequencies ranges The ^“o^d"^ to the 

are included in the linear liner study. 
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Table 4-4 Acoustic Parameters for SDOF 
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Table 4-5 Acoustic Parameters for SDOF & DDOF Linear Liner Samples (2) 


SDOF 

In-tube OASPL 

Mass Reactance Per Wave Number (CGS U 

nits) 

Linear Liner 

10.0 cm 3.0 cm 1.5 cm 
tube tube tube 

Intercept 

(Average data at 

0 cm/s) 

Slope 

Sample ID 

dB dB dB 

174-1524 Hz 

824-6224 Hz 

2672-13472 Hz 

F43 (1/1 bond)[ 
S45 (1/5 bond) 

145.7 145.7 

147.4 137.5 

0.787 

0.764 

0.317 

0.317 

-0.00007 

-0.00000 

F53 (1/1 bond) 
S55 (1/5 bond) 

145.4 145.3 

146.9 137.1 

0.669 

0.669 

0.215 

0.215 

-0.0000/ 

-0.00000 

DDOF 

Linear Liner 

In-tube OASPL 

Mass Reactance Per Wave Number (CGS l 

Jnits) 

10.0 cm 3.0 cm 1.5 cm 
tube tube tube 

Intercept 

(Average data a 

0 cm/s) 

Slope 


dB dB dB 

174-1524 Hz 

824-6224 Hz 

2672-13472 Hz 

F613 (1/1 bond) - Face 
F613 - Septum 
S623 (1/5 bond) - Face 
S623 - Septum 

144.2 145.5 

146.85 136.77 

0.631 

0.827 

0.611 

0.803 

0.208 

0.385 

0.208 

0.385 
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Normalized Impedanc 



Figure 4-19 

S c °Ung flcoustLc: Luner Impedance Oat 
i/b Scale Unear Uner (0.2 In Core) 



6000 8000 
F requency Hz 


10000 12000 


Normalized Impedance Normalized Impedance 


Figure 4-20 

Scaling Acoustic Liner Impedance Data 

1/1 Scale Linear Liner (1.0 In Core) 



Figure 4-21 

Scaling Acoustic Liner Impedance Data 

1/5 Scale Linear Liner (0.2 In Core) 
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Symbols: Measured Data 

Ltnes: Predicted data 

R( 1 OS) -48. 09 Rayls; NLF-1.20 



j i 1 1 1 1 

2000 4000 6000 8000 10000 12000 14000 


Frequency Hz 


39 




NormoUzed Impedance Normalized Impedance 


Figure 4-22 

Scaling Acoustic Liner Impedance Data 

1/1 Scale ODOR Linear liner (0.9/1. 5 In Corel 



Figure 4-23 


Seal Ing Acoustic Liner Impedance Data 

1/5 Scale 000F Linear Liner (0.18/0.3 In Core) 
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Several key findings, specific to linear liners are: 

For full-scale specimens, the wire mesh is bonded to a large POA perforated plate, but for 
the 1 /5th- scale specimens, the wire mesh is directly bonded to the core blanket. In the 
bonding process, the addition of the perforate plate (bonded to wire mesh) creates more 
blockage than the wire mesh directly bonded to the core. Wire mesh that possess a low 
DC flow resistance were used for full-scale specimens, whereas mesh possessing a higher 
DC flow resistance were used for the l/5th-scale specimens. This causes the non-linear 
factor, NLF, for the full-scale liner to be higher than that for the l/5th-scale liners. A1 
details are shown in Table 4-4. 

For linear liners, the sound pressure level does not play as significant a role as. for 
perforated liners, because of the lower NLF values. Both SDOF and I DDOF lmer 
specimens show that the impedance onves overlap m the transition area (824 Hz to 1524 
H Z for full-scale specimens, and 2627 to 6224 Hz for l/5th-scale specimens) between two 
data sets The acoustic resistance is close to the DC flow resistance The resistance 
contribution obtained from the frequency dependent term is very small, even m the hig 

frequency range. 

For the l/5th-scale wire mesh liners, the mass reactance per wave number is a real 
constant (the same value in all three frequency categories). In addition its negative non- 
“ope is too small to detect For the full-scale liner, the small change in the mass 
reactance constant for each frequency category is caused by the perforate sheet. The 
slightly negative non-linear slope is also the result of the perforate plate. 

An empirical analytical prediction model is used instead of Rice’s model presented in 
Volume 2, Section 4.4.1. Rice’s analytical prediction model provides a good 
understanding of linear wire mesh liner behavior. However, the plain square weave fabric 
style used for model development is not a popular weave style (such as the reverse plain 
dutch weave) to represent a mesh type linear liner acoustic treatment application. Figure 
4-24 shows several different wire mesh weave styles. 


Figure 4-24 Wire Mesh Weave Styles 



1. Plain Square Weave 2. Twill Dutch Weave 3 . Reverse Plain Dutch Weave 


The plain square weave is the simplest weave style (equivalent size wires are crossed over 
each other). Normally it has relatively weak structural strength and a higher non-linear 
factor (1.2<NLF<1.5) compared to other weave styles. Rohr uses this weave style for 
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for ' he mesh only “ d 5 15 

smaller diameter than the shute wires and touch^ch Mhe7whUe th'lT^ ’T* 3 

are woven as tightly together as nnccihie tv 0t , whie the heavier shute wires 

resistance range (15 to « lTs ®10 5 J^ TV* for a wide DC 

bonded liners) and a low non-linear factor (NLF°< *i 2)"”™* 3 ° t0 , ' 2 ° FayIs f ° r 

popular for use in linear liner applicate rL ,^1 d ,S, T 'l ** m ° S ‘ 

c a a P n Pli r n be , 'usedT dly ^ f ^ ~ ^ ap^^ H “‘t 

characteristics to ftl *“ ** ”**** aCOUStic Prance 
Both reverse plain teh tTe SKSrjr* ^ "T* ^ Weave 
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data matches the measured data obtained from the 3 cm impedance measuring system. 
Both resistance and reactance data measured from the 1.5 cm impedance measuring 
system show a small sinusoidal behavior. For DDOF liner impedance measurements, the 
septum core blankets on both sides have been trimmed to allow the specimens to fit into 
the measuring device. During the measurement, if the equipment setup can not firmly 
support the septum wire mesh, it can create a membranous effect and result in sinusoidal 
behavior. Nevertheless, the general trend still indicates that predictions and test data 
correlate well. 

As discussed in Volume 2, Section 4.4.1, the mesh style linear liners are insensitive to 
grazing flow effects Therefore, one can use the following procedure to predict acoustic 
impedance accurately for both full-and sub-scale linear acoustic liners. The first step is to select a 
semi-empirical analytical model as a prediction tool; the second step is use of DC flow resistance 
data as an input parameter; the third step is to estimate the mesh mass reactance based on DC 
flow data and bonding blockage factor; and the final step is to add the perforated plate impedance 
components into the analytical model (if applicable). 

However, some obstacles still remain before sub-scale liners can be used to simulate full- 
scale acoustic treatment. The most obvious problem is that the resistance non-linear factor (or 
non-linear slope) and mass reactance are not scaleable. In this case, the sub-scale liner impedance 
data can not accurately represent the full-scale liner impedance characteristics, making the scale 
analysis more complex. To overcome the problem, one can slightly adjust sub-scale liner input 
parameters to compensate for the effects of these non-scaleable factors. 

For example, Figure 4-25 shows the impedance prediction results for both full-scale and 
l/5th-scale DDOF liners using the configuration defined in Table 4-4. For comparison purposes, 
the sub-scale impedance curve has been scaled back to the full-scale frequency range. The data 
indicate that at a frequency over 3000 Hz, the reactance curve of the l/5th-scale sample deviates 
from the full-scale value. For data taken over 5000 Hz, the sub-scale and full-scale data do not 
match well; however, they fall within a small bandwidth. By adjusting the l/5th-scale first layer 
core depth from 0.18 inch to 0.16 inch and septum core depth from 0.3 inch to 0.28 inch, the 
impedance data of the l/5th-scale liner matches much closer to the full-scale liner. Figure 4-26 
shows that the sub-scale and full-scale impedance curves match well until 5000 Hz. This 2000 Hz 
bandwidth improvement makes the sub-scale liner more representative of the full-scale condition. 


43 



Normalized Impedance Normalized Imped 


Figure 4-25 
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Seal eng Rcoustlc Ltner Impedance Data 

1/1 and 1/5 DDOF Rcoustlc Liner 



Figure 4-26 

Scaling Rcoustlc Liner Impedance Data 
1/1 and Modified 1/5 DDOF Rcoustlc Liner 



Frequency Hz 
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5. Conclusions and Recommendations 


Six sets of acoustic test samples with fifteen liner configurations, and three scale factors 
have been fabricated and tested by Rohr and GEAE. The DC flow resistance measurements and 
normal incidence impedance tests performed by Rohr have provided useful data to support scale 
treatment impedance analytical model development and validation. Rohr’s analyses demonstrate 
that the theoretical impedance models discussed in Volume 2 can be upgraded and modified to fit 
both full-scale and sub-scale liners requirements. The success of the modifications is based on 
several key techniques and assumptions discussed in Section 4 and summarized below. 

1 . An exact solution is used to solve Crandall’s Equation. 

2. The perforate plate thickness to hole diameter ratio must be less than one for both full- 
and sub-scale liners to maintain a predictable discharge coefficient. 

3. Effective POA and effective hole diameter values obtained from DC flow resistance data 
are used as input parameters for impedance calculations. 

4. Non-linear behavior is applied to both resistance and reactance data. The non-linear slope 
constants are determined empirically. 

5. DC flow resistance data is used as an input parameter to calculate linear liner impedance. 

6. Wire mesh mass reactance is determined empirically based on DC flow resistance and 
bonding blockage. 

‘ Small adjustments to the core depth and wire mesh resistance can be used to compensate 
for non-scaleable parameters to achieve scaling treatment impedance requirements. 

Excellent agreement between impedance predictions and test data provides confidence 
that an empirical approach can be used to modify existing impedance models to adequately handle 
the scaling of acoustic treatment. Although the data comparison only goes to 14000 Hz, the 
prediction model has the potential to extrapolate to very high frequency ranges (20000 to 30000 
Hz). However, measurement of liner impedance above 14000 Hz to validate the analytical 
models become a major challenge for the further evaluation. In addition, other critical issues 
remain to be solved, such as the incorporation of grazing flow effects, especially for perforate 
liners, bonding problems for sub-scale liners, and noise source/acoustic modes simulation between 

full-scale and sub-scale liners. For these reasons. Phase II studies should concentrate on these 
challenging issues. 
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6. Appendix A - Acoustic Test Specimen Matrices 

Each attached sheet in Appendix A contains a complete description of one type of test 
specimen. The test articles are grouped by treatment panel design and by scale. Test specimens 
include standard flow duct test panels mounted in frames, special instrumented duct test panels 
mounted in frames, and normal incidence impedance tube samples. The instrumented duct test 
panels include installation of features that allow two-microphone impedance measurement 
instrumentation to be mounted in individual honeycomb cells and a cut-out and sealed section to 
adapt to the DC flow resistance with grazing flow measurement apparatus. 
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TABLE 1-1 

Acoustic Treatment Design Scaling Methods 
Group 1-1 - Full Scale Test Panel 
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TABLE 1-2 (Revised) 

Acoustic Treatment Design Scaling Methods 
Group 1-2 -- 1/2 Scale Test Panel 
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Effective POA considers both entry and exit sides holes. 

The instrumented panel will be converted from the flow duct test panel 































TABLE 1-3 (Revised) 

Acoustic Treatment Design Scaling Methods 
Group 1-3- 1/5 Scale Test Panel 
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Effective POA considers both entry and exit sides holes. 

The instrumented panel will be converted from the flow duct test panel 




































TABLE 2 (Revised) 

Acoustic Treatment Design Scaling Methods 
Group 2 - Full-& Sub-scale Test Panels 
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Plate thickness (in.) Q32-.05 

FRAME (7.5"x14") Yes No Yes 

Rohr's impedance measurements will include microporous face skins (no core bonded) 













TABLE 4 

Acoustic Treatment Design Scaling Methods 
Group 4 — Full-& Sub-scale Test Panels 



52 



































TABLE 5 

Acoustic Treatment Design Scaling Methods 
Group 5 *-Full-& Sub-scale Test Panels 
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LINEAR LINER 
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FACE SHEET 

Resistance (R3-rayl) 

1 Wire Mesh (Rayl) 

1 Open area (POA) 

Hole spacing (inch) 

Hole diameter (inch) 

Plate thickness (in.) 

CORE 

Core Depth (inch) 

Core size (inch) 

Wall thickness (in.) 

BACKPLATE 

I Plate thickness (in.) 

FRAME (7.5"x14") 
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TABLE 6-1 

Acoustic Treatment Design Scaling Methods 
Group 6-1 -Full Scale Test Panels 



5. 


^ jf |j| |||pequii^ : pn(^P# bonding j jjf BACKPLATE Aluminum 

Size (inch x inch) 6x6 to 12x12 Plate thickness (in ) .032-.05 

" Additional panel used for R3 inspection prior to bonding 























TABLE 6-2 

Acoustic Treatment Design Scaling Methods 
Group 6-2 -1/5 Scale Test Panels 

DOUBLE DEGREE OF FREEDOM (DDOF) LINEAR LINER 
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7. Appendix B - Inspection Plan 


INSPECTION PLAN 

Acoustic Treatment Design Scaling Methods 
S.O. PL310 
12-17-93 

This inspection plan will delineate the inspection requirements and process controls for the 
acoustic scaling test panel project. 

Raw Materials 

Metallic materials will have heat & lot traceability. Honeycomb and wire mesh materials 
may be obtained from excess cut-off of production hardware. Adhesive materials and bond 
primers will be traceable to lot numbers and expiration dates. 

Fabrication Planning 

An "acoustic panel fabrication request" work sheet, will be prepared for each panel, will 
define the configuration and manufacturing steps used to fabricate each panel. These 
records will be retained by Rohr for future reference. 

Dimensional inspection 

Panel dimensional inspection will consist of the overall length, width, hole size, hole 
spacing and percentage of open area. 

Acoustic Treatment Test7 

An engineering laboratory raylometer will be use to collect air flow data and will be 
evaluated by engineering at each step of the bond process for acceptance of the acoustic 
values. 

N.D.E. 

Non-destructive testing will consist of a visual inspection of the panel surface for 
workmanship irregularities, defects and contamination. A tap test may be performed as 
necessary to assess voids and delaminations. 

Sample Tray Holding Fixture 

Panels which are mounted in a sample tray for test purposes, will be inspected for overall 
length per GEAE instructions. 

Inspection Reports 

Inspection reports submitted to GEAE will consist of a matrix identifying the panel 
configuration and the raylometer values. 


Concurrence: 
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8. Appendix C - High Temperature DC Flow Resistance Tests 
8.1 Steady (DC) Flow Resistance Testing 

The DC flow resistance properties of porous materials are closely related to their acoustic 
impedance characteristics. The methods for the measurement and correlation of DC flow 
resistance data are described in considerable detail by Motsinger, Syed and Manley 1 . The basic 
method for the measurement of DC flow resistance is described below. 


Flow Meter 

I 


Flow 


AP f , Tf 


Sample of Porous 
Material __ 


Flow Velocity U s ^ 


AP S 


Ps, Ts 


Figure C-l Basic DC Flow Resistance Apparatus 

A typical apparatus for the measurement of DC Flow Resistance of a porous sample is 
schematically illustrated in Figure C-l above. It shows the parameters that have to be measured 
during a test. The flow may either be sucked or blown through the sample. The system shown 
above is of the blowing type At a given flow condition, the flow meter measures the mass flow 
rate using the parameters shown. The flow velocity through the sample, U s , is computed as 
follows: 


_ (mass flow rate) 

s 


(C-l) 


and the DC Flow Resistance of the sample is defined as 


R s( U s) = 



(C-2) 


R. E. Motsinger, A. A. Syed and M. B. Manley, “The Measurement of the Steady Flow Resistance of 
Porous Materials”, Paper No. AIAA-83-0779, AIAA 8th Aeroacoustic Conference, April 1983. 
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where 


AP f is the pressure difference across the Flow Meter (psid) 

Pf is the pressure upstream of the Flow Meter (psia) 

Tf is the temperature of air upstream of the Flow Meter ( °R) 

AP S is the pressure difference across the sample (dynes/cm 2 ) 

U s is the calculated mean flow velocity just upstream of the sample 

p s is the calculated fluid density just upstream of the sample (gm/cm 3 ) 

A« is the area of the porous sample (cm 2 ) used in equation (1) 

Rs(U s ) is the DC flow resistance (cgs Rayl) of the porous sample 

Generally the measured DC flow resistance data are normalized to specified reference 
temperature and pressure values, To and Po , just upstream of the sample. At GE Aircraft 
Engines, we use To = 70° F ; Po= 29.92 IN. Hg. 

8.2 High Temperature DC Flow Resistance Tests 

These tests were designed to determine the scaling laws governing the temperature 
conditions in which a porous material has to operate. The experimental apparatus is schematically 
illustrated in Figure C-2 below. 


Sample of Porous 
Material 



Flow Control Valve 


Figure (C-2) High Temperature DC Flow Resistance Apparatus 


60 




A 25 kWatt heater was used to heat the air flowing through the system. Flow-Dyne 
Critical Flow Nozzle flow meters were employed to measure the mass flow rate through the 
apparatus. Critical flow is characterized by choked flow in the nozzle throat. Under these 
conditions, a fixed pressure ratio exists between the inlet pressure to the nozzle and the pressure 
in the throat. Pressure changes downstream of the throat can not affect the upstream pressure. 
The mass flow rate becomes dependent upon the upstream pressure and temperature only. Thus 
the mass flow rate, w, is given by 


w = 



where K is the calibration coefficient supplied with each nozzle. 


(C-3) 


8.3 Calibration of the Apparatus 

Three types of instruments used on this series of tests required calibration: 

(1) Critical flow nozzles 

(2) Pressure Sensors 

(3) Temperature Gages 

8.3.1 Critical flow nozzles 

Flow-dyne Critical Flow Nozzles are converging-diverging nozzles that operate on the 
principle of critical flow, as described above. At pressure ratios as low as 1.2, the flow rate 
through the nozzle varies almost linearly with the upstream pressure and is insensitive to 
downstream pressure fluctuations. The manufacturer provides flow coefficient curves as a 
function of pressure ratio. The overall system uncertainty quoted by the manufacturer is 0.75% 
traceable to the National Bureau of Standards. There are no moving parts to affect reliability and 
therefore, no additional calibration required. The nozzles require two measurements to calculate 
the physical mass flow rate: inlet pressure and inlet temperature. The nozzle exit pressure is 
monitored to insure that the critical pressure ratio across the nozzle is 1.2 or greater. 

As a further verification, the critical flow nozzles were checked against Cox Series 12 flow 
stand rotometers in the range of interest. These rotometers are on a regular calibration cycle in 
the Standards lab and are traceable to the National Bureau of Standards. Agreement was within 
approximately 2% of reading. 

8.3.2 Pressure Sensors 

Three types of pressure measuring devices were used in this program. (1) Heise digital 
transducers, (2) Druck Model 601 digital pressure indicator and (3) Mensor Pressure Sensor. 
The Heise transducers were used for the critical flow nozzle pressure measurements, the Druck 
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was used for direct measurement of the static pressure upstream of the test sample, and the 
Mensor was used for barometric pressure measurement. The Heise transducers were user 
checked by the Druck transfer standard to the labeled uncertainty of 1% full scale. Full scale for 
upstream was 200 in. Hg. and the full scale for the downstream were 100 in. Hg. Both the Druck 
and the Mensor were calibrated by the Evendale Standards Lab on the established cycles by a 
traceable standard. The uncertainty of the Druck is labeled .05% of full scale and it was used on 
the 5 psid scale. The labeled uncertainty of the Mensor is 0.04% full scale and its range is 40 IN., 
Hg. absolute. 

8.3.3 Temperature Gages 

Temperature measurements were made using a Fluke Model 2240C Data Logger with 
type K thermocouples. Calibration of the Fluke was user checked with a Model 1100 Ectron 
Thermocouple Simulator to within 1 degree F over the range of interest. The Ectron is calibrated 
in the Standards Lab to an uncertainty of approximately 0.2 degrees F. 


8.4 Test Procedure 

The test procedure required the setting of mass flow rates through the flow meter during a 
measurement. These flow rates needed to be independent of the sample being tested. In order to 
arrive at a sensible test procedure, the following criteria were considered. 

• Same Velocities: this means that the flow velocity , U s , to be used at high temperature is the 
same as that used at reference temperature. This condition requires that the mass flow rate w 
(T s ) , at temperature T s , is given by 


w ( T s) = | L | Iw o (C-4) 

where w 0 is the mass flow rate at reference temperature To. 

• Same Mach Numbers: this requires that the measurements be made at the same values of 
flow Mach numbers at all temperatures. This condition requires that the mass flow rate w (T s ), 
at temperature T s , is given by 


P f T \ °- 5 

w(T s ) = -*•-?• w 0 (C-5) 

M) V A s ) 

• Same Reynolds Numbers: this requires that measurements should be made at the same 
values of the Reynolds Number at all temperatures. This condition requires that the mass flow 
rate w(T s ), at temperature T s , is given by 


62 



Wl 


(T,) = 


f T A 


0.75 




w 0 


(C-6) 


The variations of the ratio w(T s )/w 0 against the temperature T S (°R) for the above three 
criteria are plotted in Figure C-3. The “equal Mach numbers” criterion was used to set flow rates 
during the tests because it involved minimum variation in the mass flow rate over the temperature 
range 530°R - 1600°R for a specified flow velocity U s . 



Figure (C-3) Variation of the Mass Flow Rate versus Temperature 
Just Upstream of the DC Flow Sample 

Because of the thermal inertia of the electric heater, it was difficult to control the 
temperature T s of the air flow into the sample. Moreover, due to heat transfer through the w s 
of the pipe upstream of the sample holder, the temperature of air flowing into the sample was not 
uniform. This problem was more severe at the higher flow temperatures and low flow velocities. 
Temperature was measured both upstream and downstream of the test sam P®’ s 0Win S 
significant temperature difference between upstream and downstream locations. The average 
value of the two measured temperatures was used as the sample temperature T s . 
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8.5 Test Results 


The firs, sample was a S *'£££? ff 

was greater than ,he sheet thickness, whtch is r£res2^of *££ ££ ^ second .S 

maTetrr :^ Wi T Sh “ b °" ded 2 sheet, reefing .m" 

diameter (0.005 ^OOir’nrfl 35 3 mIC "’‘ porous ^ wi,l > laser «lled holes of very small 

( . 0W resistance tests were performed on test samples at ambient 

(room) temperature, 400°F, 700°F and 1000°F. samples at ambient 

The measured DC flow data are tabulated in Tables C-l, C-2 and C-3. The “corrected” 
a a are norma lzed to reference values of temperature and pressure (70°F and 29.92 IN. Hg ) 



Table C-l 


, J -I— 1 0 00 

High Temperature DC Flow Resistance Measured for 9 8% 
Porosity Perforated Steel Sheet 
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Nominal 

Temp 

degF 

Us 

cm/sec 

DP/Us 
cgs rayls 

Tup 
deg F 

Tdn 
deg F 

Ts 

deg F 

Correct 

Use 

cm/sec 

Correct 
DP/Usc 
cgs rayls 

Room 

31.41 

84.94 




30.57 

84.47 


59.11 

105.10 



mm m\ 

KOCH 

104.51 


87.79 

122.68 




86.12 

121.99 


114.88 

139.36 




113.29 ' 

1 38.57 


144.34 

157.83 




143.29 

156.94 


170.36 

173.87 



m^m 

170.25 

172.89 

400 F 

40.45 

95.12 

405 

312 



SifS 


73.32 

113.78 

395 


374.5 

MEM 



104.11 

129.14 

411 


392 




141.08 

140.75 

390 

351 



98.76 


182.38 

158.78 

401 



78.95 

1 10.34 


217.37 

173.82 

408 

374 

391 



700F 

48.41 

96.98 

691 

534 

612.5 


msm 


84.49 

118.74 

703 

608 

655.5 

21.20 

bO.OD 


124.19 

137.13 

707 

637 


■■uHl 

75.87 


190.38 

152.83 

702 



48.74 

84.82 


210.91 

160.84 

702 

631 

666.5 

54.26 

89.27 


244.70 

172.44 

699 

640 

669.5 

63.74 

95.89 

1000F 

96.20 

125.43 

995 

800 

897.5 

16.34 

58.81 


140.76 

144.01 

1005 

867 

936 

23.82 

67.18 


175.17 

155.08 

1009 

886 

947.5 

29.70 

72.19 


235.51 

175.66 

1018 

934 

976 

40.05 

81.40 


274.52 

187.61 

1013 

930 

971.5 

47.43 

87.16 


318.86 

202.18 

1012 

947 

979.5 

mr 

55.83 

. c. 

93.97 

— 


Tab le C-2 High Temperature DC Flow Resistance Measured for Wire- 


Mesh on Perforated Steel Sheet 
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31.06 


58.47 


86.62 


111.76 


136.30 


159.64 
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Table C-3 
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The DC flow data, as measured, are plotted in Figure C- 4 r <: r < tu < 
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Nominal values of Temperature are used in the legend. For details, seethe tabulated data. 


2D 



100 150 200 250 300 350 

Flow Velocity (cm/s) 


Figure (C-4) High Temperature DC Flow Resistance Measured for Perforated 
Steel Sheet Sample of 9.8% Porosity 



Figure (C-5) High Temperature DC Flow Resistance Measured for Wiremesh 
Diffusion Bonded on Perforated Sheet 
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Nominal values of Temperature are used in the legend. For details, see the tabulated data. 
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Figure (C-6) High Temperature DC Flow Resistance Measured for Stainless 
Steel Microporous Perforated Sheet 


The data normalized to reference values of temperature and pressure are plotted in Figures 
C-7, C-8, and C-9. Note that the normalized high temperature DC flow resistance data collapse 
on the curve for the data measured at room temperature. 
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25 


Data are “Normalized" to the reference conditions of Temperature and Pressure (70 degrees F and 14.7 psia) 
Nominal values of Temperature are used in the legend. For details, see the tabulated data. 
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Figure (C-7) High Temperature DC Flow Resistance Measured for Perforated 
Steel Sheet, 9.8% Porosity Normalized to Reference Conditions 
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Data are normalized to reference conditions of temperature and pressure (70 F, 29.92 IN. Hg.). 
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Nominal values of Temperature are used in the legend. For details, see the tabulated data. 
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Figure (C-8) High Temperature DC Flow Resistance Measured for Wiremesh 
on Perforated Sheet, Normalized to Reference Conditions 
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Data are normalized to reference conditions of temperature and pressure (70 F, 29.92 IN. Hg ). 
Nominal values of Temperature are used in the legend. For details, see the tabulated data. 
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Figure (C-9) High Temperature DC Flow Resistance Measured for Microporous 
Perforated Sheet, Normalized to Reference Conditions 

The method used to normalize these data was developed by Motsinger, Syed and Manley 
(see Reference 1). This method is based on the principle of dynamic similarity and hence is 
independent of any particular relationship between the sample resistance and the mean fluid 
velocity into it. It is shown in Reference 1 that 



To To 







(C-7) 


(C-8) 


where 

T is the temperature under test conditions just upstream of test sample 
To is a reference temperature (70° F) 

P is the pressure under test conditions just upstream of test sample 

Po is a reference pressure (14.7 psia) 

U is the mean fluid velocity just upstream of the test sample (cm/sec) 

p is the density of the fluid under test conditions just upstream of test sample 

po is the density of the fluid at reference temperature and pressure 
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H is the absolute coefficient of viscosity of the fluid at temperature T 

tro is the absolute coefficient of viscosity of the fluid at temperature To 

AP is the pressure drop (dynes /sq. cm) measured across the sample corresponding 

to the mean fluid velocity u. 

For most materials of practical interest, the D C. Flow resistance can be described by an 
equation of the form 


— = A + BU (C-9) 

where A and B are constants to be determined by a DC flow measurement. 

Clearly, in addition to the geometrical parameters of the test sample (porosity, thickness, 
hole diameter etc.), the values of A and B also depend on the values of temperature T, pressure P, 
density p and viscosity p. of the fluid just upstream of the sample. The above scaling laws suggest 
that values Ao and B 0 measured at "room temperature and pressure" (T 0 ,Po) can be used to 
determine the values A and B at any other temperature and pressure (T,P) as follows: 

A(T, P, p) = A 0 (T 0 , P 0 , no ) — (C-10) 

B(T,P, H ) = B 0 (T 0 ,P 0 ,n 0 )i.= B 0 (T 0 ,P 0 ,n 0 )|-S. (C-ll) 

Po Po T 

The simple relationship of Equation C-9 may not perfectly model the D. C. Flow 
resistance of all materials. However, we can still measure the D. C Flow data at “room 
temperature and pressure” and use the scaling laws of Equations C-7 and C-8 to calculate the DC 
flow resistance characteristics at any other temperature and pressure. 


71 



9. Appendix D - Technical Issues for Fabrication of Treatment Samples 

9.1 Micro-perforated Specimens 

The titanium thin foil micro-perforated face sheets required laser drilling due to the 
small diameter hole requirement. Laser drill vendors encountered difficulty maintaining 
accurate hole geometry. The best drill process provided holes which were "tapered" with 
the laser pulse entry side of each hole being larger than the exit side As a result, the 
micro-perforated foils were produced at a very high cost and required extended lead times. 

Adhesive reticulation techniques for the micro-perforated acoustic panels also 
proved difficult. The preferred method of adhesive reticulation in acoustic sandwich 
bonding is "perforate" reticulation This method enables accurate control of adhesive flow 
and minimizes acoustic blockage. For the Treatment Scaling program it was found that 
unsupported film adhesive can be reticulated for perforate hole diameters in the 0.020 inch 
and above range. Perforate acoustic panels with holes less than 0.020 inches in diameter 
must be "core" reticulated. "Core" reticulation results in higher acoustic blockage due to 
adhesive flow into the adjacent perforate hole. 

Excessive adhesive blockage was encountered on six of the micro-perforated 
acoustic samples. In order to obtain optimum acoustic values these panels were lightly 
grit blasted to remove excess adhesive. This method would prove impractical on a 
production basis, although one alternative may be to use a low viscosity sprayable 
adhesive. 


9.2 Flow Duct Frames 

Wood was selected as the best material alternative for frame construction due to 
advantages in weight, machineability, and joining (dowels with carpenter's glue). Each of 
the framed acoustic samples required a "custom" made frame due to dissimilarities in face 
sheet, core, and back skin thickness. Frame fabrication proved costly and time consuming. 
Polysulfide sealant was selected for use in sealing face-sheet-to-frame edges due to its 
high viscosity. 


9.3 Plexiglass Bonding 

Several resins were screened for their ability to bond plexiglass-to-core. 
Considerations included bond strength, ability to cure at room temperature, and clarity. A 
polyester casting resin Evirotex Lite Resin) was found to be best suited for the application. 
Problems were encountered when it was found that the 0.50 inch thick plexiglass material 
was variable in thickness and flatness. Each required machining of the periphery prior to 
bonding to the frame assembly. 
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9.4 Instrumentation 


D C flow partitions were prefabricated from sheared sheet aluminum, which was 
assembled then brazed. In order to control the dimensional conformity accurately a 
welding jig was fabricated and utilized. Installation of the partitions required that the 
honeycomb core be cutout, the partition inserted, then a separated piece of core placed 
inside the partition prior to cure. A matched set of cutting dies was required for both 
inner and outer core cutting. Alignment of the D C flow partition and the cutout in the 
plexiglass also required fixturing during bonding. 
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13. ABSTRACT (Maximum 200 words) 

The ability to design, build, and test miniaturized acoustic treatment panels on scale-model fan ngs 
representative of the full-scale engine provides not only a cost-savings, but an opportunity to optimize the 
treatment by allowing tests of different designs. To be able to use scale model treatment as a full-scale design 
tool, it is necessary that the designer be able to reliably translate the scale model design and performance to an 
equivalent full-scale design. The primary objective of the study presented in this volume of the final report was 
to conduct laboratory tests to evaluate liner acoustic properties and validate advanced treatment impedance 
models. These laboratory tests include DC flow resistance measurements, normal incidence impedance 
measurements, DC flow and impedance measurements in the presence of grazing flow, and in-duct liner 
attenuation as well as modal measurements. Test panels were fabricated at three different scale factors (i.e., full- 
scale, half-scale, and one-fifth scale) to support laboratory acoustic testing. The panel configurations include 
single-degree-of- freedom (SDOF) perforated sandwich panels, SDOF linear (wire mesh) liners, and double- 
degree-of-freedom (DDOF) linear acoustic panels. 
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